Introduction
Due to its increasing incidence, endometrial cancer has become the most common gynecologic malignancy of the female reproductive tract in developed countries. Although several risk factors for endometrial cancer, such as older age, obesity, late menopause and infertility, have been proposed, 1 the exact causes of endometrial cancer are still unclear.
Accumulating evidence supports that there is a significant difference in metabolism between cancer cells and normally differentiated cells. In normally differentiated cells, oxidative phosphorylation in the mitochondria provides essential energy, while in rapidly growing cancer cells, aerobic glycolysis provides energy even under aerobic 2 Oncogenes, such as c-Myc 5 and AKT, 6 and tumor suppressor genes, including TP53 7 and phosphatase and tensin homolog deleted on chromosome 10 (PTEN), 6 are related to high rates of glycolysis and the transcription of genes regulating glycolysis, 8 such as enolase 1 (ENO1), glucose transporter 1 (GLUT1), lactate dehydrogenase A (LDHA) and pyruvate kinase M2 (PKM2).
Abhydrolase domain containing 5 (ABHD5), also known as comparative gene identification 5 (CGI-58), is an activating coenzyme for adipose triglyceride lipase, which is the ratelimiting enzyme for lipolysis. 9 In human beings, deficiency of the ABHD5 gene causes Chanarin-Dorfman syndrome, which is an autosomal recessive hereditary disorder of lipid metabolism. 10, 11 Recently, studies have shown the potential functions of ABHD5 in tumorigenesis. Ou et al 12 discovered the tumor-suppressor role of ABHD5 in colorectal cancer. Their results showed that the loss of ABHD5 enhanced aerobic glycolysis and deactivated AMPK/p53 signaling, thus promoting the epithelial-to-mesenchymal transition (EMT). A later report from the same group suggested that ABHD5 showed opposing functions in tumor-associated macrophages, 13 which indicates that ABHD5 exerts different functions in different cells. A study on prostate cancer also revealed the tumor suppressor role of ABHD5 by preventing EMT and the Warburg effect. 14 In the present study, we explored the expression and function of ABHD5 in endometrial cancer. The AKT pathway was required for the functions of ABHD5 in proliferation, invasion and the Warburg effect.
Materials and methods

Public dataset analysis
The Cancer Genome Atlas (TCGA) endometrial cancer dataset (370 cancer samples and 11 normal uterus tissues) was obtained from cBioportal (www.cbioportal.org). The Mann-Whitney U test was used to compare ABHD5 expression between cancer tissues and normal tissues.
specimen collection
Five paraffin-embedded normal endometrial tissues and 97 paraffin-embedded endometrial adenocarcinoma cancer tissues were obtained from the Department of Obstetrics and Gynecology, Qilu Hospital of Shandong University (Jinan, China). The endometrial cancer specimens were from 97 women who received a hysterectomy for the removal of endometrial tumors, and normal endometrial tissues were also collected from 5 of these patients as part of the surgical resection. The study was performed in accordance with the Declaration of Helsinki. The use of these clinical materials was approved by the ethics committee of Shandong University and Wenzhou Medical University, and the written informed consent was obtained from all the enrolled participants. The patients with endometrial cancer were staged according to the International Federation of Gynecology and Obstetrics (FIGO) guidelines updated in 2009.
immunohistochemistry staining
Five-micrometer sections cut from the paraffin blocks were deparaffinized and soaked in 0.3% hydrogen peroxide at room temperature for 15 minutes to block endogenous peroxidase. Heat-mediated antigen retrieval was carried out in 0.01 M citrate buffer (pH 6). Then, a rabbit monoclonal anti-ABHD5 antibody (Abcam, Cambridge, MA, USA) was applied at 4°C overnight. Following incubation with ready-to-use secondary antibodies (Long Island Bio, Shanghai, China), the sections were visualized using a diaminobenzidine kit (Long Island Bio) according to the instruction manual. The slide was counterstained with hematoxylin. The level of ABHD5 staining was evaluated according to the following criteria: a low expression case was determined when 0%-25% of the tumor cells were positively stained, and a high expression case was determined when >25% of the tumor cells were stained.
Cell lines
The human endometrial cancer cell lines, HEC-1A and Ishikawa, were purchased from Cell Bank of Chinese Academy of Sciences (Shanghai, China). HEC-1A cells were maintained in DMEM:nutrient mixture F-12 (DMEM/F-12; HyClone, Logan, UT, USA), and Ishikawa cells were cultured in Roswell Park Memorial Institute-1640 (HyClone). All the media were supplemented with 10% FBS (Thermo Fisher Scientific, Waltham, MA, USA). All the cell lines were cultured in a humidified incubator with 5% CO 2 at 37°C.
Rnai
shRNAs targeting human ABHD5 (shABHD5#1, shABHD5#2 and shABHD5#3) and a negative control (NC) sequence (Table 1) were synthesized by GeneChem Biotech (Shanghai, China) and were inserted into a pLKO. 
Plasmids and transient transfection
The ABHD5 coding sequence (CDS) was amplif ied from human cDNA by PCR with the following primers: 5′-CCCAAGCTTATGGCGGCGGAGGAGGAG-3′ and 5′-CCGGAATTCTCAGTCCACAGTGTCGCAGAT-3′, and they were inserted into pcDNA3.1 (Thermo Fisher Scientific) to construct pcDNA3.1-ABHD5. The inserted sequence was confirmed by DNA sequencing. The transfection of plasmids into Ishikawa cells was performed using Lipofectamine 2000 (Thermo Fisher Scientific).
Western blot analysis
Whole-cell protein lysates were prepared with RIPA buffer at 4°C. Standard Western blotting was carried out using whole-cell protein lysates, primary antibodies against ABHD5 (Abcam), E-cadherin (Abcam), Snail (Abcam), ENO1 (Abcam), GLUT1 (Abcam), LDHA (Abcam), phosphorylated AKT (p-AKT; Cell Signaling Technology, Danvers, MA, USA), AKT (Cell Signaling Technology) and a secondary antibody (Beyotime, Shanghai, China). Equal protein loading was ascertained by using an anti-GAPDH antibody (Cell Signaling Technology).
Cell proliferation assay
Cell proliferation was determined by Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan). Briefly, 3×10 3 cells in 100 µL of medium were seeded in triplicate in each well of 96-well plates and treated as indicated. Following incubation for 0, 24, 48 and 72 hours, 10 µL of CCK-8 reagent was added to each well and cultured for another 1 hour. The OD values were measured at 450 nm using a Multiskan MS plate reader (Labsystems, Helsinki, Finland) using wells without cells as blanks.
Cell invasion assay
Cell invasion was assayed using a Transwell chamber with an 8 µm pore filter (Corning Incorporated, Corning, NY, USA).
Before they were used, the filters were precoated with 1 mg/ mL Matrigel. A total of 5×10 4 cells in 300 µL of serum-free medium was treated as indicated and plated onto the upper chamber, while the lower chamber was filled with 700 µL of medium containing 10% FBS. The cells were then cultured at 37°C for 24 hours, and nonmigrating cells were completely removed with a cotton swab. Subsequently, the cells that migrated to the bottom of the membrane were fixed in 4% paraformaldehyde and stained with 0.5% crystal violet. The stained cells were observed and counted in five random fields under a microscope, and the average number was calculated.
Measurement of 2-
The endometrial cancer cells were treated as indicated for 24 hours, preincubated with glucose-free Krebs-Ringer buffer (KRB) at 37°C for 15 minutes and then incubated with 100 µM 2-NBDG; Cayman, Ann Arbor, MI, USA) in glucose-free medium (Thermo Fisher Scientific) at 37°C for 45 minutes. After washing with KRB buffer, the fluorescent density was measured using GloMax ® -Multi+ Detection System (Promega Corporation, Fitchburg, WI, USA) at emission 535 nm and excitation 485 nm. After normalization of the protein content, the values of the control group were set as 100%, and the relative fluorescent density is expressed as the percentage of the control.
lactate production
The endometrial cancer cells were treated as indicated for 24 hours, and the culture medium was collected to measure lactate production with a lactic acid detection kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's protocol.
Tumor growth
The animal experiment was performed in accordance with the guidelines for the Care and Use of Laboratory Animals and was approved by the ethics committee of Wenzhou Medical University. Pathogen-free female athymic nude mice (Shanghai Laboratory Animal Center, Shanghai, China) were randomly divided into two groups (n=6 per group). HEC-1A cells (5×10 6 ) expressing shABHD5#2 or shNC in 0.1 mL of FBS-free medium were injected subcutaneously into the nude mice. Tumor length and width were monitored every 3 days by caliper measurements after the xenograft formed. Tumor volume was calculated with the following formula: volume =0.5 × length × width. 2 The mice were sacrificed on day 33 
Results
Overexpression of aBhD5 in endometrial cancer tissues
To define ABHD5 expression in endometrial cancer, we reanalyzed the gene expression data derived from TCGA dataset. The Mann-Whitney U test showed that ABHD5 was significantly overexpressed in endometrial cancer tissues compared with that in normal tissues (P<0.0001; Figure 1A ). To further verify this finding, we performed immunohistochemistry staining on 5 normal endometrial tissues and 97 endometrial cancer tissues. High expression of ABHD5 was observed in 60 cases of endometrial cancer tissues, which had >25% of tumor cells positively stained, while low expression was observed in the other 37 cases, which had 0%-25% of positively stained tumor cells ( Figure 1B ). The two-tailed chi-squared test or the Fisher's exact test indicated that elevated ABHD5 expression was correlated with the FIGO stage and lymph node metastasis but not with patients' age, histological grade or myometrial invasion ( Table 2 ). The multivariate Cox regression test showed that ABHD5 expression and FIGO stage was independent prognostic factors for endometrial cancer (Table 3) .
aBhD5 knockdown suppressed cell proliferation, invasion and the Warburg effect in endometrial cancer cells
Considering that ABHD5 expression was correlated with FIGO stage and lymph node metastasis, we supposed that ABHD5 may affect the proliferation and invasion of endometrial cancer cells. To test this hypothesis, we downregulated ABHD5 expression in HEC-1A cells, which had relatively high levels of ABHD5 ( Figure S1 ), by lentivirus-mediated RNAi (shABHD5#1, shABHD5#2 and shABHD5#3). Figure 2A demonstrates that shABHD5#1, shABHD5#2 and shABHD5#3 effectively downregulated the expression of ABHD5 compared with the control lentivirus (shNC) and control cells without any 
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Zhou et al treatment. We found significant decreases in cell proliferation ( Figure 2B ) and invasion ( Figure 2C ) of HEC-1A cells with ABHD5 knockdown (shABHD5#2). In comparison, ABHD5 overexpression ( Figure S2A ) markedly increased cell proliferation ( Figure S2B ) and invasion ( Figure S2C ) in Ishikawa cells, which had relatively low levels of ABHD5 ( Figure S1 ). Given that the Warburg effect provides energy for cancer cell proliferation and invasion, 2 we detected the changes in glucose uptake and lactate production. Significant decreases in 2-NBDG uptake ( Figure 2D ) and lactate production ( Figure 2E ) were observed in HEC-1A cells with ABHD5 knockdown. In comparison, ABHD5 overexpression showed opposite effects in Ishikawa cells (Figures S2D and S2E) .
Oncogenes such as c-Myc 5 and AKT, 6 tumor suppressor genes such as TP53 7 and PTEN, 6 regulators of oxygen homeostasis such as HIF1A 3 and glycolysis genes such as ENO1, GLUT1, LDHA and PKM2 8 play a critical role in regulating cell glycolysis. Real-time PCR showed that ABHD5 knockdown caused a reduction in the mRNA levels of ENO1, GLUT1
and LDHA and an increase in PTEN (Table S1 and Figure  S3) . Western blotting was then performed, and it validated the most significantly changed genes: PTEN, ENO1, GLUT1 and LDHA ( Figure 2F ). The p-AKT was also reduced with the knockdown of ABHD5 ( Figure 2F ). Moreover, consistent with the effects of ABHD5 on cell invasion, ABHD5 knockdown caused a significant increase in E-cadherin protein expression but a decrease in the protein levels of Snail ( Figure 2F) . activation of the aKT pathway is necessary for the biological functions of aBhD5 in endometrial cancer cells 
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Zhou et al lactate production ( Figure 3D ) in Ishikawa cells. These data suggested that the AKT pathway was required for the effects of ABHD5 in endometrial cancer cells.
impact of aBhD5 knockdown on endometrial cancer growth in vivo
To determine the direct effect of ABHD5 on endometrial cancer biology, we evaluated the ability of HEC-1A cells with ABHD5 knockdown to grow in nude mice. The tumor growth curve results as shown in Figure 4A demonstrate that the growth rate of xenografts formed from cells with shABHD5#2 was markedly slower than that from cells with shNC. On day 33, the weight of the shABHD5#2 xenografts was significantly lower than that of shNC xenografts ( Figure  4B ). The Western blotting results as shown in Figure 3C demonstrate the reduced expression of ABHD5, Snail, ENO1, GLUT1, LDHA and p-AKT and the elevated expression of E-cadherin and PTEN in shABHD5#2 xenografts, which were in line with the in vitro data.
Discussion
ABHD5 was reported to play a tumor-suppressive role in colorectal cancer 12 and prostate cancer. 14 However, we demonstrated that ABHD5 is highly expressed in endometrial cancer. In vitro cellular experiments and an in vivo xenograft model suggest that ABHD5 is an oncogene in endometrial cancer development and progression. This finding may not be surprising, because a previous study suggested the presence of ABHD5 in tumor-associated macrophages, suggesting that ABHD5 exerts different functions in different cells. In the current study, we demonstrated that elevated expression of ABHD5 is significantly correlated with FIGO stage and lymph node metastasis in endometrial cancer ( Table 2 ). In line with these findings, in clinical samples, we found that ABHD5 knockdown in endometrial cancer cells blocked cell proliferation and invasion as indicated by CCK-8 ( Figure 2B ) and Transwell assays ( Figure 2C ). Moreover, during the invasion process, EMT occurs in epithelial tumor cells, which is characterized by the loss of E-cadherin and the induction of the transcriptional repressors for E-cadherin. 15, 16 As expected, the suppressed invasive ability of endometrial cancer cells with ABHD5 knockdown was associated with an increase in E-cadherin and a reduction in Snail, a transcriptional suppressor for E-cadherin ( Figure  2F ). These data imply that ABHD5 may affect endometrial cancer cell invasion by regulating EMT transition. Furthermore, the Warburg effect, which provides energy for cancer cell proliferation and invasion, 2 was reduced by ABHD5 knockdown, as indicated by decreased glucose uptake and lactase production. The expression of glycolysis genes, including ENO1, GLUT1 and LDHA, 8 was also reduced in ABHD5 knockdown cells, which further confirmed the reduction in the Warburg effect.
The phosphatidylinositol-3-kinase (PI3K)/AKT pathway has been regarded as an important regulator of copious cellular processes including survival, proliferation, invasion, metabolism and angiogenesis. PTEN dephosphorylates phosphatidylinositol-3,4,5-trisphosphate to form inactive phosphatidylinositol-4,5-bisphosphate, thereby antagonizing the effect of PI3K and suppressing AKT activation. 17 Loss-of-function mutations of PTEN have frequently been observed in endometrial cancer. MK-2206, an allosteric AKT inhibitor, showed antitumor activity in various cancer cell lines, including endometrial cancer cells.
18 PTEN and AKT 6 are critically related to the high glycolysis rate of cancer cells. In the current study, ABHD5 knockdown decreased the p-AKT in both endometrial cancer cells ( Figure 2F ) and xenografts ( Figure 4C ). Thus, we propose that AKT activation is required for the biological functions of ABHD5 in endometrial cancer cells. The AKT inhibitor MK-2206 can block the increased cell proliferation, invasion, glucose uptake and lactate production caused by ABHD5 overexpression ( Figure 3 ). These data suggest that ABHD5 may play an oncogenic role in endometrial cancer through the AKT signaling pathway.
Conclusion
Our study revealed that ABHD5 could promote cell proliferation and invasion and could enhance the Warburg effect in endometrial cancer cells through the AKT signaling pathway. These findings suggest that ABHD5 can act as a potential therapeutic target in endometrial cancer. 
Supplementary materials Materials and methods
The human endometrial cancer cell lines, RL952 and AN3CA, were purchased from Cell Bank of Chinese Academy of Sciences (Shanghai, China). RL952 cells were maintained in DMEM:nutrient mixture F-12 (DMEM/F-1; HyClone, Logan, UT, USA), and AN3CA cells were cultured in DMEM (HyClone). All the media were supplemented with 10% FBS (Thermo Fisher Scientific, Waltham, MA, USA). All the cell lines were cultured in a humidified incubator with 5% CO 2 at 37°C. 
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